Abstract Understanding how non-invasive indicators of diet quality, such as faecal nitrogen (FN), relate to population performance is a valuable asset when assessing the management of wild ungulates. However, the relationships between FN and protein intake may depend on the ingestion of less palatable plants containing high quantities of tannin (which is known to reduce degradable proteins) and management schemes (such as supplemental feeding). In order to describe the factors and potential use of FN as an indicator of diet quality, we selected a range of red deer (Cervus elaphus) densities in Mediterranean habitats in South Central Spain, which were classified under different management regimens (with and without food supply). We specifically aimed to (i) identify the main population (management, density) and diet quality factors related to FN levels, (ii) assess the relationship between individual performance (body condition measured as kidney fat index, KFI) and FN and (iii) provide evidence of the modulating role that management may play in this relationship. FN was positively associated with the faecal tannin concentration and the density of deer. Interestingly, a positive correlation was observed between FN and nitrogen in plants on hunting estates with a supplemental food supply, whereas this relationship was not evident in the absence of supplemental feeding. Moreover, KFI was negatively associated with FN, and this negative association was more marked in the presence of supplemental feeding. This study exemplifies that caution is necessary when the interpretation of individual FN values is used to monitor the performance of red deer populations, particularly in high density contexts with a reduced quality of forage, and when supplemental food is provided. However, when FN is interpreted in concomitance with body condition, population parameters and diet quality, it has been proved to be a potentially simple, cost-effective and reliable indicator of biological performance and diet quality.
Introduction
When measuring physical performance in wild ungulates, it is necessary to consider the individuals' body condition and health, along with estimates of population density and environmental conditions (Côté et al. 2004; Acevedo et al. 2008; Putman et al. 2011) , since body condition and health interact with population density via the habitat-related factors of diet and nutrient intake (Santos et al. 2013) .
Protein is a limiting nutrient for wild herbivores, and its availability in plants signifies that nitrogen intake is a potential indicator of diet quality (Putman 1984) . Since protein content and digestibility are positively correlated in plants (Robbins 1983) , faecal nitrogen (FN) is therefore a common index that is correlated with the intake of proteins and dietary digestibility (Leslie and Starkey 1985; Hodgman et al. 1996) . FN has been widely used as an index of dietary quality in the Communicated by C. Gortázar * Antonio J. Carpio carpio86@hotmail.com 1 nutritional ecology of free-ranging and captive ruminants (Hamel et al. 2009; Leslie et al. 2008) . The relationship between proteins in diet and FN is, however, controversial. Tannins can bind to proteins during chewing and digestive processes (Mokoboki et al. 2011; Verheyden et al. 2011) and are then excreted in the faeces as tanning-protein complexes, thus leading to a decrease in protein digestibility and an increase in FN values (Mould and Robbins 1981; Robbins et al. 1987) . What is more, some cervids have tannin-binding salivary proteins (Shimada 2006) . It is therefore difficult to interpret the relationships between FN levels and diet quality. Wild ungulates' body conditions depend on the quality of their food (Santos et al. 2013) . Whether and how diet quality indicators relate to individual performance (in terms of body condition), and which factors determine this relationship are key elements as regards understanding the practical use of FN. Body condition is affected by habitat quality (Taillon et al. 2011) , population dynamics (Morellet et al. 2007 ) and extra food provided by wildlife managers (Santos et al. 2013 ). In the Iberian red deer (Cervus elaphus hispanicus) populations in Spain, high densities are favoured for hunting purposes, and this may impact on the conservation status of vegetation cover (Acevedo et al. 2008) . Indeed, the use of supplementary feeding on some estates improves individual (trophy size and body condition) and population characteristics (density) (Vicente et al. 2007; Rodríguez-Hidalgo et al. 2010) . Since supplemental feeding provides high-quality food in terms of nutritional content and palatability, it may have the potential to modulate the relationship between FN, pasture quality and body condition. The kidney fat index (KFI) has often been used to measure the physical condition of red deer and is widely used with ungulates (Dauphine 1975; Santos et al. 2013 ). This method is based on the assumption that the amount of perirenal fat is a reliable indicator of the total body fat, and thus of the body's physical condition (Finger et al. 1981) .
Nevertheless, there is little information that can be used to interpret individual and population nutritional indicators (such as FN and nitrogen in the diet) in wild ungulates, particularly in high density conditions and/or when supplemental feeding is provided. In order to describe the factors and potential use of FN as an indicator of diet quality, we selected a range of red deer (Cervus elaphus) densities in Mediterranean habitats in South Central Spain, which were classified under different management regimens (with and without food supply). We specifically aimed to (i) identify the main population (management, density) and diet quality factors related to FN levels, (ii) assess the relationship between individual performance (body condition measured as KFI) and FN and (iii) provide evidence of the modulating role that management may play in this relationship.
Material and methods

Study area
Data were collected from nine different hunting estates located in southern Spain in the province of Cordoba, in which the altitude ranges from 400 to 800 m a.s.l. The dominant vegetation includes tree species such as holm oak (Quercus ilex) and cork oak (Quercus suber), together with pine (Pinus pinea and Pinus pinaster), accompanied by scrub species dominated by Cystus spp., Erica spp., Pistacia spp., Phyllirea spp. and Rosmarinus officinalis with scattered pastures and small areas of crops. The study sites are principally used for the recreational hunting of wild boar and red deer.
Red deer density estimation
Deer abundance was estimated per hunting estate, and the estates were considered to be discrete management units. We performed two spotlight counts in August and September 2011, driving at 10-15 km/h. Each transect studied was, on average, 20.3±2.34 km (S.E.) in length. The abundance of the deer populations was estimated by means of distance sampling (Buckland et al. 2004 , Distance 5.0 software). Half-normal, uniform and hazard rate models for the detection function were fitted against the data using cosine, hermite polynomial and simple polynomial adjustment terms, which were fitted sequentially. The selection of the best model and adjustment term was based on Akaike's information criterion (AIC). The best relative fit of the model and adjustment term for distance-sampling was the hazard rate cosine based on the lowest AIC score.
Sampling and analytical techniques
We used FN from fresh (soft, shiny and not dried) deer faeces collected from the ground. We performed two transects of 4 km in length per estate (n=18) during the spring, from which deer droppings (10 stools/sample) were collected every 500 m (n=8 per estate) in order to ensure that the samples were spatially independent. In the same transects, pasture samples (the main food resource during this season for Iberian red deer) (Verheyden-Tixier et al. 2008) were collected every 500 m within a randomly located ring of 0.5 m 2 , where the plants were cut for subsequent analysis (see below). A total of 144 samples of faeces and plants were obtained.
The concentrations of FN and nitrogen in plants were analysed using the EUROVECTOR EA 3000 elementary analyser, which determines the quantitative carbon, nitrogen, hydrogen and sulphur content of the samples. We thus obtained the percentage content of each element of the sample, which was in this case nitrogen-analysed with regard to weight (Acevedo et al. 2011 ).
Fifty-four red deer faecal samples (6 per estate) were randomly selected and analysed to obtain their concentration of tannin. Total extractable phenols (TEPH) were determined using Julkunen-Tiitto (1985) .
Habitat structure and composition
Habitat composition per estate was determined by using GIS and land use 1/25,000 maps of Andalusia. We stratified 10 transects per estate, and the main habitats present were grouped into open land (composed of dehesa (savannah oak) and pastures) and woodland, composed of Mediterranean scrubland and forests. The transects were 50 m in length and were studied in May (maximum spring production, San Miguel et al. 1996) 2012 to estimate scrubland, woodland and pasture cover and the percentage of bare soil. A ruler was used to record the maximum height of the grass in each transect as an indirect measure of the availability of pasture (Lazo et al. 1992) . We also calculated the percentage of cover occupied by herbaceous legumes [area occupied by legumes/ area occupied by all herbaceous matter * 100] (Ritchie et al. 1998) in each transect.
Morphometric measurement
We collected the data regarding 103 hunted male deer in December 2011 and January 2012. The animals were assigned to three age classes: yearlings, sub-adults (<3 years old) and adults (≥4 years old) (Rodríguez-Hidalgo et al. 2010) .
Nutritional status was determined using the KFI. This was obtained by weighing the perirenal fat which was then expressed as a percentage of the weight of that kidney [KFI = fresh weight of the perirenal fat/fresh weight of the kidney * 100] (Dauphine 1975; Riney 1955) .
Statistical analyses
In order to provide evidence of the relationships between FN (N=144) and forage quality, we designed a linear mixed model (LMM, normal error distribution and an identity link function, model 1) in which management (two levels: feeding supplement vs no feeding supplement) was included as a fixed factor. Plant nitrogen, red deer density, tannin content and the percentage of leguminosae, scrubland and woodland were included as co-variables. Since increased protein intake resulting from supplemental feeding could interfere in the relationships between FN and diet quality, the interactions between supplemental feeding and nitrogen in plants and tannins were also included in the model.
A second linear mixed model (normal distribution with an identity link function, model 2) was created to study the relationship between KFI (N=103) (dependent variable) and FN. FN was included as a co-variable, whereas supplementary feeding and age class were treated as categorical variables with 2 and 3 levels, respectively. The interactions with supplemental feeding were also added. The population sampled was included as a random factor in both models. The assumptions of normality, homogeneity of variance and independence of residuals were confirmed in both models (Zuur et al. 2009 ), and the KFI was therefore log-transformed in order to fulfil normality.
Results
Red deer densities ranged from 25 to 68 deer/100 ha (average ±SD 39±14), while the coefficients of variation of distancesampling estimates ranged between 4.55 and 30.54 %. The FN values ranged from 1.7 to 3.4 % (average±SD 2.47±0.30), the nitrogen in plants ranged from 0.8 to 4.5 % (average±SD 1.81 ±0.53) and the concentration of faecal tannins ranged from 6.7 to 26.8 mg tannic acid/g sample (average±SD 15.8±4.1) ( Table 1) .
With regard to the factors affecting FN, model 1 showed a significant positive relationship between red deer density and tannin content in faeces (model 1, Table 2 ). There was also a significant interaction between supplemental feeding and nitrogen in plants, signifying that the FN increased in proportion with the amount of nitrogen in plants in the presence of supplemental feeding. No evidence of this relationship was found when the deer were not provided with supplementary food (Fig. 1 ). There was a negative relationship between FN and the percentage of scrubland and woodland.
With regard to model 2, which concerns individual KFI (Table 2 ), the interaction between supplementary feeding and FN was statistically significant (P=0.02), showing that the negative association between FN and KFI was more marked when food was supplied (Fig. 2) .
Discussion
This study has assessed FN as potential non-invasive indicator of diet quality and its association with individual performance traits (body condition) in contexts of high ungulate density. Interestingly, the relationships between FN and the availability of food and individual body condition were modulated by prevalent management (supplemental feeding).
The highest FN values were found in those areas with the highest red deer densities and tannin concentrations in faeces. At high densities, there may be fewer palatable scrub species as a consequence of over-browsing, thus favouring the growth of species that are unpalatable for herbivores (Acevedo et al. 2008; Suzuki et al. 2008 ). These plants have higher concentrations of tannins (Mould and Robbins 1981; Robbins et al. 1987) which, in plants, act as a defence mechanism (Perea and Gil 2014) against herbivores. Tannins may inhibit the digestion of protein and fibre which are excreted as a non-metabolic nitrogen (Frutos et al. 2004) , thus reducing the amount of digestible protein in forage and increasing FN (Kariuki and Norton 2008) . Although the digestibility of the N in diet was not assessed, we used the N content in forage as a practical proxy to diet quality. This could explain the higher FN values found in areas with higher deer densities and in which vegetation has high concentrations of tannin. Indeed, the positive association between FN and tannin content in faeces is consistent with the potential role played by tannins as binders of protein in the diet. The tannins in plants are tolerated by ungulates to some extent, but the animals avoid them once certain amounts have been ingested. Other studies on ungulates in different ecosystems have shown a negative relationship between density and FN (e.g. Asada and Ochiai 1999) and have argued that the consumption of plant species with a lower nutritive value as a result of the limited availability of high-quality forage leads to a decrease in FN. However, in Asada and Ochiai (1999) , the densities ranged from 4.7 to 26.5 deer/100 ha, which were much lower than those found in our study area (25 to 68 deer/100 ha), and our results must therefore be interpreted in the context of a very high density in Mediterranean environments. An evaluation of a wider range Df degree of freedom of the numerator
Coefficients for the level of fixed factors were calculated using the reference values of 'feeding' in the 'Supplementary feeding' variable, and 'age 1' in the 'age class' variable of densities would probably evidence non-linear relationships between FN and diet quality. The relationship between FN and N in diet was modulated by food supplementation. On the one hand, the results showed that FN was positively associated with N in plants, in populations in which supplemental food was provided. This positive association has been found in several other studies and is the basis of the belief that FN is a useful indicator of diet quality (e.g. Leslie and Starkey 1985; Ueno et al. 2007) . Conversely, in non-supplemented populations, we speculate that most tannin originates from scrubs, which would be more frequently consumed when supplementary feeding is not practised and herbaceous plants are depleted. This may result in plant N being neutralised by tannins and thus in no association being found (Robbins et al. 1987) (Fig. 1) . According to Mould and Robbins (1981) , the relationship between FN and nitrogen in the diet of red deer is no longer linear when the diet contains large amounts of tannins. But when the diet is made up of lower tannin concentrations, this relationship remains linear and positive. This suggests that FN is not a straightforward positive indicator of diet quality in terms of protein intake, but probably results from the interaction between diet quality (protein content) and any anti-nutritive factor (such as tannins) that is able to reduce N digestibility.
Finally, our results suggest that individual body condition decreases with increased FN. This is also consistent with the fact that, in the context of high deer density, an increase in plant tannin contents may bind protein and form insoluble complexes that are excreted in faeces as non-metabolic nitrogen, and FN may therefore increase while protein assimilation decreases. This result suggests that animals that excrete both large amounts of N and large amounts of tannins in their faeces have a worse body condition. In supplemented populations, we found higher KFI scores at low FN content than in non-supplemented populations, but the KFI values become similar at high FN values (Fig. 2) . Previous studies agree that supplementary feeding interferes with fitness indexes, thus improving the physical condition of individuals even at high densities (Rodríguez-Hidalgo et al. 2010) .
The objective of this paper is to highlight the importance of simultaneously evaluating nutritional indicators, environmental factors and management parameters when monitoring ungulate populations. Caution is therefore needed when the interpretation of FN values is used to monitor the performance of red deer populations. However, FN proved to be a potentially simple, cost-effective and reliable indicator of diet quality once supplemental feeding practices, population density and tannin concentrations had been taken into account. Our study also suggests that, in the context of high ungulate density, the higher values of FN are associated with poor body condition, suggesting that the use of FN as an indicator of body condition should also be interpreted together with other factors such as tannin content and the game management regime. Fig. 1 Predicted values of faecal nitrogen (% nitrogen with regard to faecal weight) as a function of nitrogen in plants (% nitrogen with regard to plant weight) (categorised according to supplementary feeding: with feeding vs no feeding) Fig. 2 Predicted mean values (±S.E.) of kidney fat index (fresh weight of the perirenal fat/fresh weight of the kidney *100) as a function of faecal nitrogen (% nitrogen with regard to faecal weight) (categorised according to supplementary feeding: with feeding vs no feeding)
